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7HFKQRORJLHV VROXWLRQV IRU WKH UHDOL]DWLRQ RI HOHFWURQLF WUDQVPLWWHUV DQG UHFHLYHUV DUH DOVR YHU\ ZHOO
GHYHORSHGLQWKHVHIUHTXHQF\UDQJHV

7KHUHDUHWKUHHPDLQFDWHJRULHVRIZLUHOHVVVHQVRUVXVLQJUDGLRZDYHV
 $FWLYHV VHQVRUV XVLQJ D WUDQVPLWWHU XQLW LQWHJUDWHG ZLWK WKH WUDQVGXFHU 7KLV NLQG RI VHQVRUV
ZRUNV PRVW RIWHQ ZLWK D EDWWHU\ UHODWHG WR WKH KLJK FRQVXPSWLRQ RI WKH WUDQVPLWWHU 7KH
LQWHUURJDWLRQGLVWDQFHFDQEHYHU\KLJKXS WRVHYHUDONPEXW WKHNH\ OLPLWLQJIDFWRU LV VHQVRU
DXWRQRP\$QRWKHUGUDZEDFNLVWKHORZUHVLVWDQFHWRKDUVKHQYLURQPHQWV
 5),'SDVVLYHVHQVRUV>@,QWKLVFDVHWKHWUDQVPLWWHUXQLWLVUHPRYHGIURPWKHVHQVLQJSDUWDQG
WKHFRPPXQLFDWLRQZLWK WKHEDVHVWDWLRQ LVSHUIRUPHG WKURXJKEDFNVFDWWHULQJPRGH*HQHUDOO\
WKHVHVHQVRUVIXQFWLRQZLWKRXWEDWWHULHVWRWDNHDGYDQWDJHRIUHGXFHGZHLJKWVSDFHDQGFRVW7KH
PDLQDGYDQWDJHFRPSDUHGWRDFWLYHVHQVRUVLVWKHYHU\KLJKDXWRQRP\DVWKHHOHFWURQLFXQLWVDUH
SRZHUHGWKURXJK5)OLQN,QUHWXUQWKHLQWHUURJDWLRQGLVWDQFHLVJHQHUDOO\ORZHUWKDQP
 6$: SDVVLYH VHQVRUV >@ ,Q WKLV FDVH DOO WKH HOHFWURQLF FLUFXLWV DUH UHPRYHG IURP WKH
VHQVLQJ SDUW 7KH RSHUDWLQJ SULQFLSOH LV EDVHG RQ WKH JHQHUDWLRQ RI DQ DFRXVWLF ZDYH RQ WKH
VXUIDFHRIDSLH]RHOHFWULFPDWHULDOWKURXJKDQDQWHQQD7KHEDFNVFDWWHUVLJQDOLVWKHQDQDO\]HGLQ
WLPHRU IUHTXHQF\GRPDLQ WR H[WUDFW WUDQVGXFHU LQIRUPDWLRQ DV WKH VSHHGRI SURSDJDWLRQRI WKH
DFRXVWLFZDYH LQ WKHSLH]RHOHFWULFPDWHULDO LVGHSHQGHQWRQVHYHUDO IDFWRUV VWUHVV WHPSHUDWXUH
 7KH WZR PDLQ DGYDQWDJHV FRPSDUHG WR 5),' SDVVLYH VHQVRUV DUH WKH IXOO\ DXWRQRPRXV
QDWXUH RI WKHVHV VHQVRUV QR QHHG RI HQHUJ\ IRU HOHFWURQLF RU WUDQVGXFHU SDUW DQG WKH KLJK
UHVLVWDQFHWRKDUVKHQYLURQPHQWV%XWWKHLQWHUURJDWLRQGLVWDQFHLVJHQHUDOO\ORZHUWKDQP
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,Q RUGHU WR RYHUFRPH WKH ORZ LQWHUURJDWLRQ GLVWDQFH RI DFRXVWLF SDVVLYH VHQVRUV QHZ NLQG RI
HOHFWURPDJQHWLF WUDQVGXFHUV DUH VWXGLHG VLQFH WKH PLGV 7KH ILUVW SXEOLFDWLRQV RQ WKLV WRSLF
FRQFHUQLQJ GLIIHUHQW NLQG RI VHQVRUV DUH JLYHQ LQ 7DEOH  7KHUH LV WKUHH NLQG RI SULQFLSOH XVHG  WKH
YDULDWLRQRISK\VLFDORUHOHFWULFDOOHQJWKRIDUHVRQDWRUWKHPRGLILFDWLRQRIFRXSOLQJEHWZHHQDUHVRQDWRU
DQGDPLFURVWUXFWXUH WKHYDULDWLRQRID UHVRQDWRUSHUPLWWLYLW\ ,Q WKLVSDSHUZHSUHVHQW DQRYHUYLHZRQ
HOHFWURPDJQHWLFWUDQVGXFHUVXVLQJWKHWZRODVWSULQFLSOHVZHGHYHORSHGLQRXUODEVLQFH

7DEOH/LVWRIILUVWSXEOLFDWLRQVRQGLIIHUHQWSDVVLYHVHQVRUVZLWKHOHFWURPDJQHWLFWUDQVGXFWLRQ

<HDU 5HIHUHQFH /DERUDWRU\ .LQGRIVHQVRU 7UDQVGXFHUSULQFLSOH
 >@ &DOLIRUQLD8QLY86$ *DV 9DULDWLRQRIUHVRQDWRUSHUPLWWLYLW\
 >@ 0DQLWRED8QLY&DQDGD 6WUHVV 9DULDWLRQRIDLUFDYLW\OHQJWK
 >@ /$$6&156)UDQFH 3UHVVXUH 9DULDWLRQRIFRXSOLQJEHWZHHQSODQDUUHVRQDWRUDQG6LPHPEUDQH
 >@ 3HUGXH8QLY±86$ 7HPSHUDWXUH 9DULDWLRQRIFRXSOLQJEHWZHHQDLUFDYLW\DQGFDQWLOHYHUV
 >@ *HRUJLD,QVW2I7HFK86$ )OX[ 9DULDWLRQRIFRXSOLQJEHWZHHQDLUFDYLW\DQGPHPEUDQH
 >@ 7RN\R,QVW7HFK-DSDQ &UDFN 9DULDWLRQRIHIIHFWLYHOHQJWKRIGLSROHDQWHQQD
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3UHVVXUHVHQVRU
:HVWDUWHGWKLVVWXG\LQDQGGHWDLOVDERXWREWDLQHGUHVXOWVFDQEHIRXQGLQ>@7KHVHQVRUZH
GHYHORSHG LV EDVHG RQ D SODQDU KDOIZDYHOHQJWK UHVRQDWRU FRXSOHG ZLWK D KLJK UHVLVWLYLW\ VLOLFRQ
PHPEUDQH )LJ  :KHQ WKH VLOLFRQ PHPEUDQH LV IDU DZD\ IURP WKH UHVRQDWRU WKH HOHFWURPDJQHWLF
SURSDJDWLRQ PHGLXP RI WKH UHVRQDWRU LV RQO\ EXLOW E\ 3\UH[ XQGHUQHDWK UHVRQDWRU DQG DLU DERYH
UHVRQDWRU)URPDJLYHQDLUJDSEHWZHHQWKHVLOLFRQPHPEUDQHDQGWKHUHVRQDWRUHYDQHVFHQWZDYHVVWDUW
WRFRXSOHZLWK VLOLFRQPHPEUDQHPRGLI\LQJVWURQJO\ WKHUHVRQDQW IUHTXHQF\RI WKHUHVRQDWRU )LJD
7KHVHQVRUKDVEHHQIDEULFDWHGXVLQJFODVVLFDOPLFURWHFKQRORJ\SURFHVVDQGFKDUDFWHUL]HGZLWKDVSHFLILF
SUHVVXUH SUREHPRGXOH DOORZLQJ RQZDIHU 6 SDUDPHWHUV 7KH VHQVRU H[KLELWV D YHU\ KLJK VHQVLWLYLW\
FORVHWR*+]EDU)LJE0RUHUHFHQWO\SDVVLYHSUHVVXUHVHQVRUVZLWKRWKHUUHVRQDWRUW\SHVKDYH
EHHQ SXEOLVKHGZLWK FRPSDUDEOH VHQVLWLYLW\ XVLQJ FRXSOLQJ SULQFLSOH >@ EXW DOVR YHU\ ORZ VHQVLWLYLW\
XVLQJWKHPRGLILFDWLRQRIUHVRQDWRUGLPHQVLRQ>@
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7HPSHUDWXUH0(06VHQVRU
:HVWDUWHGWKLVVWXG\LQLQFROODERUDWLRQZLWK*HRUJLD,QVWLWXWHRI7HFKQRORJ\DQGPRUHGHWDLOV
DUHJLYHQLQ>@7KHWHPSHUDWXUHWUDQVGXFHUFRQVLVWVRIVSOLWULQJUHVRQDWRUVIDEULFDWHGRQWRSVLGHRI
VXEVWUDWHDQGH[FLWHGE\DFRSODQDUWUDQVPLVVLRQOLQHORFDWHGRQZDIHUEDFNVLGH)LJ7KHVOLWVRIWKH
ULQJVDUHFRYHUHGZLWKELPRUSKPLFURFDQWLOHYHUVZKRVHOD\HUVDUHPDGHIURPWZRGLIIHUHQWPDWHULDOV$
WHPSHUDWXUH VKLIW LQGXFHV WKH FDQWLOHYHU GHIOHFWLRQ DQG WKHQ DPRGLILFDWLRQRI WKH FRXSOLQJ FDSDFLWDQFH
EHWZHHQWKHWZRDUPVRIWKHULQJZKLFKOHDGVWRWKHFKDQJHRIWKHUHVRQDQWIUHTXHQF\7KHSULQFLSOHKDV
EHHQ YDOLGDWHG DW *+] E\ VLPXODWLRQ ZLWK D PWKLFN 3\UH[ VXEVWUDWH DQG ZLWK XQLIRUP
GLVSODFHPHQW RI D SXUHO\ PHWDOOLF FDQWLOHYHU 7KH VHQVRU H[KLELWV D YHU\ KLJK VHQVLWLYLW\ FORVH WR
*+]P7RRYHUFRPHWHFKQRORJLFDOSUREOHPVDGHPRQVWUDWRUKDVEHHQILUVWIDEULFDWHGDW*+]XVLQJ
FODVVLFDO WHFKQRORJ\7KH ULQJV DQG WKH FRSODQDU OLQH DUH GHSRVLWHG RQ D PWKLFN1HOWHF VXEVWUDWH
)LJD7KHELOD\HUVFDQWLOHYHULVREWDLQHGE\WKHODPLQDWLRQRIDPWKLFNDOXPLQXPVKHHWDQGD
P WKLFN SRO\HWK\OHQH 3(7 VKHHW 7ZR GLIIHUHQW WHPSHUDWXUHV DUH VLPXODWHG E\ WZR GLIIHUHQW
DQFKRUDJHWKLFNQHVVHVXVLQJ3(7VKHHW7KH6SDUDPHWHUREWDLQHGZLWKWKHVHWZRFRQILJXUDWLRQVVKRZV
DUHODWLYHUHVRQDQWIUHTXHQF\VKLIWDURXQGP)LJE
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7HPSHUDWXUHIOXLGLFVHQVRU

:HVWDUWHGWKLVVWXG\LQLQFROODERUDWLRQZLWK*HRUJLD,QVWLWXWHRI7HFKQRORJ\DQGPRUHGHWDLOV
DUHJLYHQLQ>@7KH\UHODWHWRDWHPSHUDWXUHVHQVRUZKRVHSULQFLSOHLVEDVHGRQWKHFKDQJHLQOHQJWKRI
DQOGLSROHDQWHQQDREWDLQHGE\VKRUWFLUFXLWLQJWKHWZRVWUDQGVRIWKHGLSROHZLWKDFRQGXFWLYHIOXLG
(DFKGLSROHFRQVLVWVRIWZRPHWDOVWUDQGVRIPP[PP$WDQNYROXPHDQGPPORFDWHGDERYHRQH
RIWKHWZRPHWDOVWUDQGVRIWKHGLSROHLVILOOHGZLWKFRQGXFWLYHOLTXLG8QGHUWKHHIIHFWRIWHPSHUDWXUHWKH
OLTXLG H[SDQGV DQG PRYHV LQ D PLFURFKDQQHO  PLFURQV [  PLFURQV ZKLFK FRQQHFWV WKH WZR
VWUDQGVRIWKHGLSROH8VLQJ*DOLQVWDQDVFRQGXFWLYHOLTXLGFDOFXODWLRQVVKRZWKDWRQHFDQREWDLQDIOXLG
SURSDJDWLRQ LQVLGH WKH FKDQQHO FORVH WRȝP& )RU D FHUWDLQ WHPSHUDWXUH GHSHQGLQJ RQ WKH GLVWDQFH
EHWZHHQWKHWZRVWUDQGVDVKRUWFLUFXLWEHWZHHQWKHWZRVWUDQGVLVHVWDEOLVKHGZKLFKOHDGVWRDGUDVWLFDOO\
FKDQJHRIWKH5DGDU&URVV6HFWLRQ5&6RIWKHVHQVRU%\PDNLQJDGLSROHDUUD\ZLWKGLIIHUHQWGLVWDQFH
EHWZHHQWKHGLSROHVWUDQGVRQHFDQREWDLQDQLQGLFDWLRQRIWKHWHPSHUDWXUHYDOXH
'HYLFHVRSHUDWLQJDURXQG*+]ZHUH IDEULFDWHGRQ.DSWRQZLWKDQDUUD\RIGLSROHV )LJ6KRUW
FLUFXLWVZHUHDFKLHYHGE\GHSRVLWLQJ*DOLQVWDQGURSEHWZHHQ WKHGLSROHVWUDQGV5&6FKDUDFWHUL]DWLRQV
SHUIRUPHGXVLQJD)0&:5$'$5KDYHVKRZQWKDWRQHFDQREWDLQD5&6VKLIWFORVHWRG%VPIRUWKH
IXOO VFDOH )LJ  7HFKQRORJLFDO GHYHORSPHQWV DUH XQGHUZD\ WR PDQXIDFWXUH WKH GHYLFHV LQFOXGLQJ
PLFURIOXLGLFSDUW7KHPDLQGLIILFXOW\FRPHVIURPWKHR[LGDWLRQRI*DOLQVWDQHYHQXQGHUYHU\ORZR[\JHQ
FRQFHQWUDWLRQSSPZKLFKWUDQVIRUPV*DOLQVWDQLQWRDYLVFRXVOLTXLG0LFURIOXLGLFVWUXFWXUHVEDVHGRQ
68KDYHEHHQPDQXIDFWXUHGDQGVXFFHVVIXOO\ ILOOHGZLWK*DOLQVWDQXVLQJDFRQWUROOHGDWPRVSKHUH LQD
JORYHER[
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 D$UUD\RIOGLSROHDQWHQQDZLWKGLIIHUHQWQXPEHURI VKRUWFLUFXLW 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0HWDOOLF VKRUWFLUFXLWGXULQJ IDEULFDWLRQ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6WUHVVVHQVRU
:HVWDUWHGWKLVVWXG\LQLQFROODERUDWLRQZLWK*HRUJLD,QVWLWXWHRI7HFKQRORJ\DQGPRUHGHWDLOV
DUH JLYHQ LQ >@7KH VHQVRU LV EDVHGRQ WZR FRXSOHGSODQDU UHVRQDWRUV D SDWFK DQWHQQD DQG DQRSHQ
ORRSZKRVHUHVRQDQWIUHTXHQFLHVDUHFORVHWR*+]7KHORRSLVFORVHGE\DYDULDEOHFDSDFLWRUZKLFK
FKDQJHVZLWKWKHGHIRUPDWLRQ)LJ7KLVYDULDEOHFDSDFLWRULVIRUPHGE\DPHWDOFDQWLOHYHUDQGWKHIUHH
PHWDORIWKHORRSVHSDUDWHGE\DQLQVXODWRURIȝPWKLFN'HIRUPDWLRQRIWKHVXSSRUWPLFURQVWKLFN
.DSWRQWKHQFDXVHVDGLVSODFHPHQWRIWKHDQFKRUSRLQWRIWKHFDQWLOHYHU7KHVXUIDFHRIWKHFDSDFLWRULV
WKHQPRGLILHGZLWK VHQVLWLYLW\GHSHQGHQWRQ WKH OHQJWKRI WKHFDQWLOHYHU7KH WRWDO VL]HRI WKH VHQVRU LV
PP [ PP 6LPXODWLRQ UHVXOWV VKRZ D PD[LPXP VHQVLWLYLW\ RI SSPȝH 'HPRQVWUDWRUV ZHUH
PDQXIDFWXUHG ZLWK FRQYHQWLRQDO WHFKQRORJLHV WR IDEULFDWH WKH UHVRQDWRUV DQG WKH FDQWLOHYHU 7KHQ WKH
DVVHPEO\ ZDV SHUIRUPHG PRUH RU OHVV PDQXDOO\ ZKLFK IDLOHG WR DFKLHYH DFFXUDWH SRVLWLRQLQJ RI WKH
FDQWLOHYHU+RZHYHUDPHDVXUHGVHQVLWLYLW\RISSPȝHZDVREWDLQHGWKDWLVDVODUJHDVZKDWKDVEHHQ
SXEOLVKHGWRGDWH)LJ
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
)LJD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6WUHVVVHQVRUUHVSRQVH
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5DGDULQWHUURJDWLRQ
7KH LQWHUURJDWLRQ V\VWHP LV EDVHG RQ WKH )0&: )UHTXHQF\0RGXODWHG &RQWLQXRXV:DYH 5DGDU
)URPWKHPHDVXUHG5DGDU&URVV6HFWLRQHOHFWURPDJQHWLFHFKRRIWKHVHQVRUVWKHSK\VLFDOTXDQWLW\FDQ
EHUHPRWHO\DQGZLUHOHVVO\GHULYHGDQGWKHLGHQWLILFDWLRQRIWKHVHQVRUFDQDOVREHSHUIRUPHG>@
7KHVLPSOLILHGEORFNGLDJUDPRIWKHLQWHUURJDWLRQXQLWRSHUDWLQJLQKRPRG\QHSULQFLSOHLVVKRZQLQ)LJ
7KH9ROWDJH&RQWURO2VFLOODWRUJHQHUDWHVDIUHTXHQF\VLJQDOZKLFKLQFUHDVHVOLQHDUO\IRUDIUHTXHQF\
VZHHS SHULRG 7KLV VLJQDO SURSDJDWHV IURP WKH WUDQVPLVVLRQ KRUQ DQWHQQD WR WKH VHQVRU WDUJHW WKDW LV
FRPSRVHG E\ DQ DQWHQQD ORDGHG E\ WKH VHQVRU GLH 7KLV VLJQDO LV WKHQ UHIOHFWHG EDFN E\ WKH WDUJHW
UHFRYHUHG E\ WKH UHFHLYLQJ DQWHQQD RI WKH UHDGHU DQG PL[HG ZLWK WKH LQSXW VLJQDO WR REWDLQ WKH
LQWHUPHGLDWH IUHTXHQF\7KHDQDO\VLVRI WKLV IUHTXHQF\EHDW OHYHOSHUPLWV WKHQ WRGHWHFW WKHYDULDWLRQRI
WKH VHQVRU ORDG WKDW LV OLQNHG WR WKH VKLIW RI WKH VHQVRU UHVRQDQW IUHTXHQF\ DQG WKHQ WR WKHPHDVXUHG
YDOXH
$ 5DGDU RSHUDWLQJ EHWZHHQ *+] DQG *+] KDV EHHQ GHVLJQHG DQG IDEULFDWHG )LJ  7KH
LQWHUURJDWLRQ SULQFLSOH XS WR P KDV EHHQ ILUVW YDOLGDWHG XVLQJ  FP SDVVLYH WDUJHW DQG IHZP: IRU
5DGDUHPLVVLRQ7KHVHQVRUGLHZDVFRQQHFWHGYLD5)SUREHVWRDQH[WHUQDOKRUQDQWHQQDSODFHGDWP
IURPWKH5DGDU)LJ$QH[DPSOHRI5DGDUUHVSRQVHLVJLYHQLQ)LJIRUWKHSUHVVXUHVHQVRU
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)LJ6LPSOLILHGEORFNGLDJUDPRIWKHLQWHUURJDWLRQXQLW
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)LJ6HWXSXVHGIRUSUHVVXUHVHQVRULQWHUURJDWLRQE\5DGDU
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)LJ5DGDUUHVSRQVHRISUHVVXUHVHQVRU


$FNQRZOHGJHPHQWV

3DUWRIWKLVZRUNLVVXSSRUWHGE\WKH)UHQFK3URMHFWRIµ3{OHGHFRPSpWLYLWp¶HQWLWOHGµ6\VWqPH$XWRQRPH
&RPPXQLFDQW(Q5pVHDX¶ 6$&(5$OO WKHVH VWXGLHVKDYHEHHQSHUIRUPHGZLWK3K'VWXGHQWV 0HKGL
-$7/$28,+DPLGD+$//,/)UDQFN&+(%,/$7KDL75$1*6RILqQH%28$=,=$Q\D75$,//(
5HIHUHQFHV
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
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>@/5XL]*DUFLD//XQDGHL3%DUUHLUR-5REOD$5HYLHZRI:LUHOHVV6HQVRU7HFKQRORJLHVDQG$SSOLFDWLRQVLQ$JULFXOWXUH
DQG)RRG,QGXVWU\6HQVRUV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